Inactivating mutations of the adenomatous polyposis coli gene (APC) or activating mutations of the ␤-catenin gene (CTNNB1) initiate colorectal neoplasia. To address the biochemical and physiologic effects of mutant ␤-catenin, we disrupted either the mutant or wild-type CTNNB1 allele in a human colorectal cancer cell line. Cells with only wild-type ␤-catenin had decreased colony-forming ability when plated at low density, although their growth was similar to that of parental cells when passaged under routine conditions. Immunohistochemistry and cell-fractionation studies suggested that mutant ␤-catenin activity was distinguished primarily by cellular localization and not by protein degradation. Surprisingly, we found mutant ␤-catenin bound less well to Ecadherin than did wild-type ␤-catenin, and the membranous localization of wild-type and mutant ␤-catenin was accordingly distinct. These findings pose several challenges to current models of APC͞␤-catenin function.
W
ith an estimated 130,000 new cases and 58,000 deaths per year, colorectal cancer is the second leading cause of cancer death in the United States (1) . Most of these tumors are initiated by truncating mutations of the adenomatous polyposis coli (APC) tumor suppressor (reviewed in ref.
2). Among the dozen or more proteins that associate with full length APC, ␤-catenin seems to play an especially important role (3, 4) , as indicated by the identification of oncogenic mutations of the ␤-catenin gene (CTNNB1) in colorectal cancers that lack APC mutations (5) (6) (7) (8) . Understanding the interaction of APC and ␤-catenin has therefore been a major focus of study.
A variety of studies suggest that APC acts to inhibit the function of ␤-catenin (reviewed in refs. 2 and 9). Accordingly, APC has been demonstrated to inhibit tumor cell growth (10) (11) (12) (13) , whereas mutant ␤-catenin has been shown to promote neoplastic transformation (14, 15) . Beyond simple binding and possible sequestration (3, 4) , APC could modulate ␤-catenin activity in several ways. In one scenario, APC binding facilitates the phosphorylation of ␤-catenin by the serine͞threonine kinase GSK3␤ (16) , leading to the degradation of ␤-catenin (17) by ubiquitin-dependent proteolysis (18) . A distinct but not mutually exclusive scenario is suggested by the ability of APC to act as a nuclear exporter and thereby regulate ␤-catenin by promoting its translocation out of the nucleus (19) (20) (21) . However, it remains unclear which of these mechanisms plays a predominant role in the regulation of ␤-catenin by APC.
The ␤-catenin protein has itself been implicated in diverse cellular processes ranging from cell adhesion to transcription. At the transcriptional level, ␤-catenin can form heterodimers with members of the Tcf family of transcription factors and activate genes containing Tcf-binding sites (22, 23) . This ␤-catenin͞Tcf-4-regulated transcription (CRT) is inhibited by intact APC, but this inhibition is lost in mutant APC (5, 24) . Moreover, oncogenic mutations of ␤-catenin render it resistant to APC inhibition of CRT (5, 24, 25) . Thus, one common feature of APC or ␤-catenin mutation is constitutive activation of CRT. Accordingly, several targets of CRT have been identified and found to be expressed at elevated levels in colorectal cancer cells (26) (27) (28) (29) (30) (31) (32) (33) , but their role and the role of CRT in ␤-catenin-mediated transformation have yet to be fully defined.
Although much attention has recently focused on ␤-catenin's role as a transcriptional regulator, ␤-catenin was originally identified through its association with E-cadherin and its role in cell adhesion (reviewed in ref. 34 ). E-cadherin is an adhesion molecule that acts as a tumor suppressor in several neoplasms (35) (36) (37) , and ␤-catenin is required for the proper function of E-cadherin (reviewed in ref. 34) . Mutations in APC and the E-cadherin gene are synergistic in intestinal tumor initiation in mice (38) . However, it is unknown whether mutations in ␤-catenin result in altered E-cadherin͞␤-catenin interaction, and if so, whether this interaction has phenotypic consequences.
Although a great deal has been learned about ␤-catenin, the precise effects of mutant ␤-catenin in human colorectal cancer cells are not known, and likewise, the relationship of these effects to the various biochemical activities described above is unclear.
To address these questions, we generated human colorectal cancer cells with only wild-type (WT) or mutant ␤-catenin by using gene-targeting technology and assessed the effect of gene disruption on the physiologic and biochemical properties of the cells.
Materials and Methods
Disruption of CTNNB1. The targeting construct for CTNNB1 was constructed by using methods described (39, 40) . A bacterial artificial chromosome containing CTNNB1 was obtained from Research Genetics (Huntsville, AL). Two fragments of the bacterial artificial chromosome clone, one 2.4 kb and the second 6 kb, were used to construct the 5Ј and 3Ј arms of the targeting vector, respectively. The 2.4-kb fragment was derived from a sequence within intron 1, and the 6-kb fragment was derived from sequences in intron 7 of CTNNB1 ( Fig. 1 ) and cloned into pBluescript SK(Ϫ) (Stratagene). A sequence (5Ј-CCAGTACT-TGAAAACTAACGAT-3Ј), derived from a region of CTNNB1 deleted by the targeting construct, was ligated to the 5Ј end of a hygromycin-resistance͞thymidine kinase (hyg͞tk) gene. This sequence served as an internal primer site for PCR-based screening. Other details of the constructs are available from the authors upon request.
HCT116 cells were obtained from the American Type Culture Collection and cultured in McCoy's medium supplemented with 10% FBS (GIBCO). Tranfections were performed with PacIlinearized targeting vectors and Lipofectamine as directed by the manufacturer (GIBCO). To generate cells with disrupted CTNNB1, HCT116 human colon cancer cells were transfected with the targeting construct and selected in 0.1 mg͞ml hygromycin (GIBCO). After transfection, cells were diluted in selection media and distributed in 96-well plates. After selection, genomic DNA was prepared from the drug-resistant clones by using the QiaAmp column system (Qiagen, Chatsworth, CA). Clones with a successfully targeted allele were identified by PCR with the primers 5Ј-GACCT T TGATCTCCTGA AT T-GATCG-3Ј and 5Ј-ATCGTTAGTTTTCAAGTACTGG-3Ј and Taq Platinum (Invitrogen). Adenovirus-mediated expression of Cre was used to remove the selection cassette as described (39) . Southern blot and sequencing analysis were used to confirm the CTNNB1 genotype as described (5, 40) .
Reporter Assays. ␤-Catenin͞Tcf reporter assays were performed as described by using the vectors pOT and pOF (41) , which are low-background reporters containing Tcf-4-binding sites (24) . Cells of various CTNNB1 genotypes were transfected with reporter plasmid (1 g) and a vector containing ␤-galactosidase under control of the cytomegalovirus (CMV) promoter (pCMV-␤, Promega) (0.25 g). Cells were then collected, and luciferase activity was measured by using the Luciferase Activity Assay (Promega) and normalized for transfection efficiency by using ␤-galactosidase activity.
Colony Formation Assays and Cell-Mixing Experiments. Subconfluent cells were trypsinized, counted, and plated in flasks with fresh media or in 96-well plates. Equal numbers of cells were plated in all cases. Cells were grown for 10 days and stained with crystal violet as described (42) . For mixing experiments, cells were mixed in at 1:5 ratio (CTNNB1 Ϫ/⌬45 :CTNNB1
WT/Ϫ ) and grown for 14 days before harvest. Genomic DNA was prepared as described above and PCR was performed with a fluorescencelabeled primer, 5Ј-TTTGATGGAGTTGGACATGG-3Ј, and an unlabeled primer, 5Ј-CAGGACTTGGGAGGTATCCA-3Ј. The PCR product from the mutant allele is 3 bp shorter than the product from the WT allele. The mutant and WT alleles were separated and quantified by capillary gel electrophoresis (SpectruMedix 9600, State College, PA).
Cell Fractionation. Cell fractionation was performed essentially as described (43) . A protease inhibitor mixture (Complete, Boehringer Mannheim) was added to all solutions used for fractionation. Cells were harvested by scraping into cold PBS, rinsed two times with cold PBS, and then resuspended in L-buffer (1ϫ PBS͞0.1% Triton X-100͞0.1% Nonidet P-40). Cells were then incubated on ice for 10 min until Ͼ99% lysed as determined by trypan blue exclusion. Nuclei were pelleted by centrifugation at 1,000 ϫ g for 10 min at 4°C and the supernatant was used as the cytoplasmic fraction. The nuclear pellet was purified further from membrane contaminants by rinsing two times in L-buffer, passaging through a 22-gauge needle, and centrifuging through a 0.85 M sucrose cushion (20,000 ϫ g for 15 min). Nuclei in the pellet were sonicated to make a lysate. Protein concentrations of the cytoplasmic and nuclear lysates were determined by using the Bradford Protein Assay (Bio-Rad), and equal amounts of protein were used for Western blot analyses.
Immunohistochemistry. Cells were rinsed twice with PBS and then fixed with Leucoperm (Serotec), permeabilized with 1% Nonidet P-40 in PBS, and blocked in goat serum for 1 h. Anti-␤-catenin antibody (Transduction Laboratories, Lexington, KY) was applied in GT (goat serum containing 0.05% Tween 20). After washing in PBST (PBS with 0.05% Tween 20), a fluorochrome-labeled secondary antibody (Molecular Probes) was applied in GT for 1 h. Cells were washed three times (5 min each) in PBST. Slides were mounted in DAPCO͞glycerol and analyzed with a Nikon Eclipse E800 microscope equipped with a chargecoupled device camera (Photometrics, Tucson, AZ) and IPLAB software (Signal Analytics, Fairfax, VA). High-resolution images were obtained by using a Nikon confocal microscope.
Immunoprecipitation and Western Blot Analysis. Attached cells from a confluent T25 flask were rinsed with PBS and incubated in 1.5 ml of IP buffer (150 mM NaCl͞50 mM Tris⅐HCl, pH 7.5͞0.5% Nonidet P-40͞complete protease inhibitor mixture) for 10 min on ice. Cells were scraped and precleared with protein A-agarose beads (Boehringer Mannheim) for 30 min at 4°C. Proteins were then incubated with antibody for 15 h at 4°C and precipitated by using protein A agarose beads that had been blocked with 3% powdered milk. Beads were washed four times with 1 ml of IP buffer and then mixed with 2ϫ Laemmli sample buffer. Western blotting was performed essentially as described (39) . Antibodies used included anti-E-cadherin antibody (Santa Cruz Biotech- 
Results
Targeted Deletion of CTNNB1. The human colorectal cancer cell line HCT116 was chosen for these studies because it is heterozygous (CTNNB1 WT/⌬45 ), containing one WT allele and one mutant allele with a 3-bp deletion that eliminates the serine residue at codon 45 (5, 8) . The targeting vector for ␤-catenin was constructed as described in Materials and Methods and used to generate cells lacking either the WT or mutant alleles (Fig. 1) . This targeting vector included a mutant CTNNB1 in case loss of the mutant ␤-catenin resulted in negative selection (Fig. 1 A) . However, this exogenous mutant CTNNB1 did not seem to be expressed in the knockout (KO) clones. To ensure that the exogenous CTNNB1 gene did not play a role, we excised it from all KO clones by cre-mediated recombination with the flanking loxP sites. PCR and Southern blot analyses were used to identify clones with successful targeting events (Fig. 1B) . To identify whether the WT or the mutant CTNNB1 was knocked out, genomic DNA was prepared from each clone and the CTNNB1 was sequenced (Fig. 1C) . Two independently derived WT ␤-CTNNB1 KO clones (CTNNB1
, clones W1, W2) and four mutant CTNNB1 KO clones (CTNNB1 WT/Ϫ , clones M1-M4) were obtained and used for the studies described below. All clones of the same genotype behaved similarly in the assays described below. Human colon cancer cells with either mutant APC or mutant ␤-catenin have constitutively active CRT activity (5, 24) . To determine whether disruption of CTNNB1 altered this activity, we measured CRT by using an appropriate reporter containing Tcf-4-binding sites (41) . Parental HCT116 cells (CTNNB1 WT/⌬45 ) and both clones with their WT CTNNB1 disrupted (CTNNB1 Ϫ/⌬45 ) had equally high CRT reporter activity (pOT, Fig. 2) . In contrast, all four clones with mutant CTNNB1 disrupted (CTNNB1 WT/Ϫ ) had low CRT reporter activity that was indistinguishable from the activity measured with an inactive reporter containing mutated Tcf-4-binding sites (pOF, Fig. 2 ). These results show that removal of the mutant ␤-catenin was sufficient to abrogate constitutive CRT in HCT116 colon cancer cells.
Elimination of Mutant CTNNB1 Results in Decreased Clonogenicity
Under Defined Conditions. Surprisingly, cells with their mutant CTNNB1 disrupted survived and continued to grow in culture. When passaged routinely, their growth rates were similar to those of parental cells or cells with their WT CTNNB1 disrupted. However, when cells were plated at low density, differences between these cell types were apparent. As shown in Fig. 3A , all four cell lines with disrupted mutant CTNNB1 (CTNNB1 WT/Ϫ ) had significantly decreased colony-forming ability compared with parental cells (CTNNB1 WT/⌬45 ) or cells with a disrupted WT CTNNB1 (CTNNB1 Ϫ/⌬45 ).
Two independent experimental approaches were used to validate this specific growth defect. First, cells were inoculated in 96-well plates at a density of one cell per well, and the number of wells in which clones grew was quantified. As shown in Fig. 3B , cells with a disrupted mutant CTNB1 (CTNNB1 WT/Ϫ ) were able to form colonies at frequencies only 20-30% that of parental cells (CTNNB1 WT/⌬45 ) or cells with a disrupted WT CTNNB1 (CTNNB1 Ϫ/⌬45 ).
Second, cells with disruption of either the WT or mutant CTNNB1 were mixed at a 1:5 ratio, plated, and allowed to grow for 14 days. DNA was harvested from the cells and PCR was used to amplify the CTNNB1. Because the mutant allele harbored a 3-bp deletion of CTNNB1, the PCR products from the two alleles could be easily distinguished and used to determine the ratio of the two cell types in culture. When the mixed cells were plated at low density, the relative abundance of mutant CTNNB1 cells (CTNNB1 Ϫ/⌬45 ) increased by 235-430% (Fig. 3C ). This increase was attenuated when cells were plated at higher densities (Fig.  3C) . The ratio of the two cell types after mixed growth was consistent with that predicted from the data in Fig. 3 A and B , wherein the cell types were analyzed individually.
We also tested the growth of these lines under anchorageindependent conditions in vitro and as s.c. xenografts in nude mice. All cell lines, whatever the CTNNB1 allele disrupted, grew in soft agar and formed tumors in nude mice. Although some quantitative differences were apparent, these differences were in general accord with the less robust growth of cells with a disrupted mutant CTNNB1 observed in culture.
Regulation of WT and Mutant ␤-Catenin. ␤-Catenin is regulated by both degradation and subcellular localization (17, (19) (20) (21) . To determine the relative levels of ␤-catenin in the WT and mutant KO, we performed Western blot analyses with anti-␤-catenin antibodies. As shown in Fig. 4A , cells with disrupted mutant CTNNB1 (CTNNB1 WT/Ϫ ) contained as much ␤-catenin as cells with disrupted WT CTNNB1 (CTNNB1 Ϫ/⌬45 ) or parental cells (CTNNB1 WT/⌬45 ).
Given the same total levels of ␤-catenin protein in the cell, why did the cells with disrupted mutant CTNNB1 not have constitutively high CRT? Cell-fractionation studies were performed to address this issue. Nuclear fractions from each of the cell types were generated and analyzed by Western blotting. Cells whose mutant CTNNB1 alleles were disrupted were found to have significantly less ␤-catenin in the nuclear fraction than parental cells or cells with disrupted WT CTNNB1 alleles (Fig. 4A ). Western blots with anti-lamin B antibody were performed to confirm the quality of the cellular fractionation and to control for loading (Fig. 4A) .
To investigate the subcellular distribution of ␤-catenin further, we stained the cells with an anti-␤-catenin antibody. Disruption of mutant CTNNB1 resulted in a striking redistribution of ␤-catenin protein, so that virtually all of it was localized to cell membranes, particularly at cell junctions (Fig. 4B) . In contrast, the ␤-catenin in parental cells and in cells with their WT CTNNB1 disrupted was distributed diffusely throughout the cytoplasm, with faint nuclear staining visible. These differences were more pronounced in cells plated sparsely than in confluent cells; in confluent cells, membranous localization of ␤-catenin was detectable in all cell types. The distribution of ␤-catenin and APC has been shown to be dependent on cell density (44) (45) (46) . Finally, we determined whether mutation of ␤-catenin was associated with a decreased ability to bind to E-cadherin. Immunoprecipitation experiments with cells containing only CTNNB1 (CTNNB1 Ϫ/⌬45 ) showed that less mutant ␤-catenin was bound to E-cadherin than WT ␤-catenin (Fig. 4C) . This observation is consistent with the localization of mutant and WT ␤-catenin observed on immunostaining (Fig. 4B) .
Discussion
Our results revealed several important aspects of ␤-catenin regulation and function, some of which were unexpected on the basis of previous experiments. These can be summarized as follows.
Catenin-Regulated Transcription. On the basis of previous experiments, it had been assumed that the increased CRT activity observed in colorectal cancer cells was due to either mutant ␤-catenin or mutant APC. However, the possibility that this increased activity was due to other cellular aberrations could not be excluded. Our results definitively establish that the CRT activity observed with standard reporters is completely dependent on the endogenous mutant ␤-catenin in HCT116 cells.
On the other hand, the expression of CRT-regulated endogenous genes was not affected by disruption of the mutant CTNNB1. Thus, the expression of c-MYC and cyclin D1 gene was unchanged in the various KO cell lines generated in this study (data not shown), suggesting that the regulation of these genes in these cells is not ␤-catenin-dependent under the conditions tested or they are not physiological targets. However, it is also possible that these genes are critical mediators of ␤-catenin function under in vivo conditions only. Likewise, it is possible that these genes are under complex controls and their expression levels are somehow compensated for in vitro when mutant ␤-catenin is deleted.
Posttranscriptional Regulation of ␤-Catenin. Several studies have suggested that mutant ␤-catenin accumulates in cells that contain either a CTNNB1 or APC mutation. Such mutations are predicted to interfere with phosphorylation and subsequent ubiquitinization and proteasome-mediated degradation. Our results revealed that the total amount of ␤-catenin in cells was independent of the nature of ␤-catenin (WT or mutant). The mutation present in HCT116 cells (⌬45) is predicted to have the most dramatic consequences on phosphorylation and degradation of ␤-catenin of any yet studied (47) . Our current data and previous studies (12) with inducible APC suggest that increases in total cellular ␤-catenin concentration are not a major consequence of APC or ␤-catenin mutations, at least in the cell lines studied. In contrast, our results support the idea that cellular localization is a critical determinant of ␤-catenin function. The results of Fig. 4A show that mutation of ␤-catenin is associated with nuclear localization, consistent with the idea that nuclear transport is a critical determinant of ␤-catenin function. Moreover, this altered localization not only involves partitioning between nucleus and cytoplasm, but also affects the membranous localization of the protein, particularly in cells that are sparsely plated (Fig. 4B) .
Physiologic Effects of ␤-Catenin Mutation. Two separate functions have been proposed for ␤-catenin. As noted in the Introduction, ␤-catenin was originally identified as a protein that bound to E-cadherin and connected it to the cytoskeleton. Later, ␤-catenin was identified as part of a heterodimeric transcription complex that functions in the nucleus and is manifest as CRT activity. It is currently believed that ␤-catenin's role in neoplasia is largely dependent on this latter function. Part of the reason for this belief is that mutations of CTNNB1, like mutations of APC, result in increased CRT activity, whereas no prior evidence has shown that such subtle mutations alter the interaction between ␤-catenin and E-cadherin. Indeed, the mutations in ␤-catenin that have been observed in cancer cells are not in the domain of ␤-catenin that has been reported to interact with E-cadherin (48), although deletion of residues 28-134 of ␤-catenin abrogated E-cadherin-dependent cell-cell adhesion in a gastric cancer line (49) . One interesting observation in our study was that the ␤-catenin missense mutation we studied clearly affected its interaction with E-cadherin. This finding was documented by coimmunoprecipitation experiments and was supported by striking differences in membrane localization between WT and mutant ␤-catenin (Fig. 4C) . Our results suggest that a critical consequence of CTNNB1 mutations in neoplasia might involve E-cadherin. Consistent with this, recent studies have indicated that E-APC in Drosophila can alter adhesion by acting through the Drosophila homolog of CTNNB1 (50) . Further studies will be required to determine whether CTNNB1 functions through E-cadherin, through Tcf-4, or through both these pathways.
''Hit and Run'' Pathways. Previous experiments with Myc and Ras have demonstrated that tumor maintenance requires the continuing presence of the mutated oncogenes that contributed to tumorigenesis (51) (52) (53) . It has been widely assumed that the continued inactivation of tumor suppressor genes would also be required for continued tumor growth. This assumption has been supported by studies showing that the overexpression of Rb, p53, and APC (for example) all inhibit growth. However, these studies have all used overexpression rather than re-creation of WT tumor suppressor gene expressed at normal, physiologic levels.
The ␤-catenin gene is a surrogate for the tumor-suppressor gene APC, because mutations in these two genes are mutually exclusive and are thought to operate in a single pathway. Our results demonstrate that elimination of ␤-catenin does not prevent growth of the tumor cells, either in vitro or as tumors in nude mice, although it does have an impact on growth at clonal density. Several possible interpretations of these results are as follows: First, our assays for growth may not mimic those encountered in vivo, and ␤-catenin (or APC) mutations might be absolutely required for continued growth of tumors in their natural microenvironment. Second, it is possible that such mutations might be required for initiation of tumors (''gatekeeper'' function) but not for their continued growth once they acquire mutations in other growth-regulating genes (like those in c-Ki-RAS and TGF␤-RII). Third, it is possible that mutation of other genes in addition to CTNNB1 are required in lieu of a APC mutations and that ␤-catenin plays a role in only part of APC's tumor-suppressive activities. Additional studies to evaluate these possibilities, both in human and mouse systems, should be informative.
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